STUDY QUESTION: What is the underlying mechanism of Sertoli cell (SC) resistance to cell death?
PARTICIPANTS/MATERIALS, SETTING, METHODS:
Testis biopsy samples from infertile or subfertile patients and testis samples from rats with experimental autoimmune orchitis were used for immunohistological analysis. Primary SC were isolated from 19-day-old male Wistar rats. To maintain cell purity, cells were cultured in serum-free medium for apoptosis experiments and in medium supplemented with 1% serum for autophagy analyses. To induce apoptosis, cells were stimulated with staurosporine, borrelidin, cisplatin and etoposide for 4 or 24 h. Caspase three activation was examined by immunoblotting and enzymatic activity assay. Mitochondrial membrane potential was measured using tetramethylrhodamine methyl ester followed by flow cytometric analysis. Cytochrome c release was monitored by immunofluorescence. Cell viability was determined using the methylthiazole tetrazolium assay. To monitor autophagy flux, cells were deprived of nutrients using Hank's balanced salt solution for 1, 2 and 3 h. Formation of autophagosomes was analyzed by using immunoblotting, immunofluorescence labeling and ultrastructural analyses. Relative mRNA levels of genes involved in the regulation of apoptosis and autophagy were evaluated. Extracellular high mobility group box protein one was measured as a marker of necrosis using ELISA.
MAIN RESULTS AND THE ROLE OF CHANCE: SC survive the inflammatory conditions in vivo in human testis and in experimental autoimmune orchitis. Treatment with apoptosis inducing chemotherapeutics did not cause caspase three activation in isolated rat SC. Moreover, mitochondrial membrane potential and mitochondrial localization of cytochrome c were not changed by treatment with staurosporine, suggesting a premitochondrial blockade of apoptosis in SC. Expression levels of prosurvival BCL2 family members were significantly higher in SC compared to PTC at both mRNA and protein levels. Furthermore, after nutrient starvation, autophagy signaling was initiated in SC as observed by decreased levels of phosphorylated UNC-51-like kinase -1 (ULK1). However, levels of light chain 3 II (LC3 II) and sequestosome1 (SQSTM1) remained unchanged, indicating blockade of the autophagy flux. Lysosomal activity was intact in SC as shown by accumulation of LC3 II following administration of lysosomal protease inhibitors, indicating that inhibition of autophagy flux occurs at a preceding stage.
Introduction
Sertoli cells (SC) serve fundamental roles in spermatogenesis. Among them is the establishment of the blood-testis barrier, which safeguards haploid germ cells from the immune system and components of the interstitial fluid. Factors produced by SC create a characteristic adluminal microenvironment which is required to provide essential nutrients for the developing germ cells (Franca et al., 2016) . Unlike proliferating germ cells, SC stop dividing shortly before puberty (Orth, 1982) . Thus the total number of SC throughout the individual's life time is defined at this stage. Damage or death of SC results in impaired spermatogenesis and permanent infertility (De Gendt et al., 2004) . In this regard, survival of SC upon encountering insults such as testicular infection, inflammation or environmental toxins is crucial to maintain or resume focal or full spermatogenesis. We have shown previously that SC tolerate harmful conditions during acute and chronic inflammation of the testis, whilst the surrounding germ cells undergo apoptotic cell death (Bhushan et al., 2009; Aslani et al., 2015) . Moreover, SC can survive other types of insult including genetic factors (Klinefelter syndrome), various toxins (alpha-hemolysin virulence factor of uropathogenic Escherichia coli) and heat (Zhang et al., 2012; Xu et al., 2013) .
Maintaining a balance between cell survival and cell death is crucial to control cellular homeostasis (Eisenberg-Lerner et al., 2009) . In spite of a conserved cell survival machinery in eukaryotic cells, responses of different cell types to the same stress stimulus may vary (Chao and Korsmeyer, 1998) . Apoptosis, macroautophagy (hereafter named autophagy) and necrosis are the three main cell death pathways, whose crosstalk defines the cell fate. Apoptosis is executed by activation of the caspase protease family causing DNA fragmentation, mitochondrial damage and exposure of phosphatidylserine on the cell membrane (Maiuri et al., 2007) . Pro-and anti-survival proteins of the B cell lymphoma-2 (BCL2) protein family play a decisive role in initiation or inhibition of apoptosis (Cory and Adams, 2002) . Members of the BCL2 family fall into three groups: (i) the anti-apoptotic proteins ((BCL2, B-cell lymphoma-extra large (BCLxl), Bcl-2-like protein 2 (BCLw) and myeloid cell leukemia 1 (MCL1)), (ii) Bcl-2 homology domain 3 (BH3) only proteins ((Bcl-2-like protein 11 (BIM), BH3 interacting-domain death agonist (BID), p53 upregulated modulator of apoptosis (PUMA) and Phorbol-12-myristate-13-acetate-induced protein 1(NOXA)), which are sequestered by the pro-apoptotic members and (iii) the pro-apoptotic members ((Bcl-2 associated X protein (BAX) and Bcl-2 antagonist killer 1 (BAK)). Under normal conditions, BCl2 is localized in the outer mitochondrial membrane, and inhibits constitutive oligomerization of BAK and BAX. Upon apoptosis induction, following degradation of anti-apoptotic proteins, BH3 only proteins are released which in turn activate BAX and BAK oligomerization (Eisenberg-Lerner et al., 2009; Green and Llambi, 2015) . Eventually, cell death occurs following mitochondrial permeabilization and ATP release (Westphal et al., 2014) . In contrast to apoptosis, autophagy is primarily a prosurvival mechanism, which precedes apoptosis to provide the cell a chance for self-repair (Sridhar et al., 2012) . Nevertheless, known as a 'double-edged sword', autophagy can also promote cell death in parallel to apoptosis or necrosis to accelerate the removal of impaired cells (Marino et al., 2014) . Autophagy is classically induced following glucose and growth factor deprivation (Kim et al., 2011; Chang et al., 2015) . The energy sensor AMP kinase activates the autophagy initiator kinase, UNC-51-like kinase -1(ULK1), by phosphorylating serine 317 and serine 777. On the other hand, mammalian target of rapamycin (mTOR) inhibits ULK1 activation by phosphorylation of serine 757 (Kim et al., 2011) . Upon autophagy initiation, the cytoplasmic microtubule associated light chain protein 3 (LC3 I) becomes lipidated (LC3 II) and is inserted into an elongating autophagosome double membrane. Simultaneously, autophagic cargo is directed to the autophagosome by autophagy adaptor proteins such as sequestosome1 (SQSTM1), also known as p62. In order to complete the 'autophagy flux', autophagosomes fuse with lysosomes resulting in degradation of the cargo and the adaptors by lysosomal proteases. Contrary to apoptosis and autophagy, necrosis is a proinflammatory mode of cell death that is characterized by loss of cell membrane integrity and passive release of danger associated molecules such as high mobility group box protein 1 (HMGB1), histones, ATP and DNA, thereby alerting neighboring cells to initiate an immune response (Pisetsky, 2011) . Accumulating data in the past decade indicate a crosstalk between the different modes of cell death that eventually defines the fate of the cell and the organ (Galluzzi et al., 2015) .
The survival of SC constitutes an evolutionary necessity for the individual, as the presence of these cells is vital to preserve a niche for the recovery of viable germ cells once the particular stress conditions are resolved, as in case of patients undergoing chemotherapy and radiation treatments (McBride and Coward, 2016; Namekawa et al., 2016) . Therefore, in this study we have investigated the mechanism of SC resistance against the cell death.
Materials and methods

Animal ethics
Animal experiments and organ collection from Wistar rats performed in this study were approved by the local animal ethics committee (Regierungspräsidium Giessen GI Nr. 545_M and GI20/23 Nr. 33/2008).
Human testis specimens
Paraffin sections from human testicular biopsies were provided by the Giessen Testicular Biopsy Repository. Testicular biopsy sections from infertile patients with obstructive azoospermia showing intact spermatogenesis without any pathological changes served as control. Biopsies from infertile patients with non-obstructive azoospermia and impaired spermatogenesis include specimens with severe hypospermatogenesis with focal inflammatory lesions as well as samples with SC-only pattern (Schuppe and Bergmann, 2013) . Written informed consent was obtained from all men undergoing testicular biopsy. The study was approved by the local institutional review board (Approval No. 100/07).
Induction of experimental autoimmune orchitis
Experimental autoimmune orchitis (EAO) was induced by immunizing adult male Wistar rats using testicular homogenate in adjuvants as described previously (Fijak et al., 2005) . Animals were killed 50 days after the first immunization. Control animals received 0.9% NaCl instead of testis homogenate. Testes were frozen and kept at −80°C.
Antibodies
Primary antibodies against LC3 (#2775), pULK1 (#14202), cleaved caspase-3 (#9664), BCLw (#2724), BCLxl (#2762), BIM (#2933), BAK (#12015), BAX (#2772) and vimentin (Alexafluor ® 647 Conjugated) (#9856) were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies against SQSTM1 (#SAB3500430), beta actin (#A1978) and alpha smooth muscle actin (#F3777) were purchased from Sigma Aldrich (Taufkirchen, Germany). Antibody against vimentin V9 (#sc-6260) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against BCL2 (#610538) and cytochrome c (mouse monoclonal, Alexa Fluor ® 488 conjugated, #560263) were obtained from BD Biosciences (Heidelberg, Germany). Anti-LC3 antibody (#PM036) for immunofluorescence labeling was purchased from MBL International (Woburn, MA, USA).
Cell isolation and treatment
SC and peritubular cells (PTC) were isolated from 19-day-old Wistar rats (Charles River Laboratories, Sulzfeld, Germany) as described previously (Bhushan et al., 2016) . Vimentin (marker for SC) and smooth muscle actin (marker for PTC) were used in combination with flow cytometry to determine the purity of SC in culture (≥97%). For apoptosis experiments, SC were cultured in serum-free medium. For autophagy induction, SC were cultured in RPMI medium supplemented with 1% (v/v) fetal bovine serum (FBS). Autophagy was induced by nutrient deprivation using Hank's buffered salt solution (HBSS). In addition, cells were treated with rapamycin 
Cell viability assay
Cell viability was measured using the methylthiazole tetrazolium (MTT) assay after starvation or stimulation with chemicals. Cells were washed and incubated with 0.5 mg/mL MTT (Sigma, Taufkirchen, Germany) in RPMI medium (without phenol red) for 120 min. Formazan crystals that formed in viable cells were dissolved in dimethyl sulfoxide, and absorbance was measured at 570 nm using a TriStar LB 941 microplate reader (Berthold, Wildbad, Germany). The percentage of viable cells was calculated using the formula: (A 570 treated cells/A 570 non-treated cells) × 100.
Immunoblotting
Cells were lysed in radioimmunoprecipitation assay buffer (150 mM sodium chloride, 1.0% (v/v) Triton X-100, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) sodium dodecyl sulfate (SDS), 50 mM Tris, pH 8.0), containing 1x protease inhibitor cocktail (#P8340, Sigma Aldrich, Taufkirchen, Germany). Cell lysates were subjected to SDS polyacrylamide gel electrophoresis using a precast 4-20% Tris-Glycine gel (Novex, Carlsbad, USA) and transferred to a nitrocellulose membrane (Hybond-ECL, GE Healthcare, Buckinghamshire, UK). Membranes were blocked with 5% (w/v) bovine serum albumin (BSA) followed by the respective primary antibody overnight at 4°C. Afterwards, membranes were probed with horse-radish peroxidase (HRP) conjugated secondary antibody and visualized using Immobilon Western chemiluminescent HRP substrate (Millipore, Schwalbach am Taunus, Germany). Images were taken with a Fusion-FX7 advanced imaging system (Vilber Lourmat, Eberhardzell, Germany).
ELISA
Extracellular levels of HMGB1 were determined using an ELISA following the users manual (IBL International, Hamburg, Germany). The conditioned medium was collected, and concentrated 10 times using Amicon Ultra 10 K, 5 mL centrifugal filters (Merck Millipore, Darmstadt, Germany) before setting up the ELISA.
Immunofluorescence
Bouin fixed paraffin embedded testis sections (5 μm) were deparaffinized and rehydrated. Antigen retrieval was performed by boiling in 10 mM sodium citrate buffer containing 0.05% (v/v) Tween 20, pH 6.0 for 20 min. Rat testicular cryosections (8 μm) were fixed in 4% (w/v) paraformaldehyde (Merck, Darmstadt, Germany) and permeabilized in 0.1% (v/v) Triton X-100 (Sigma-Aldrich, Steinheim, Germany). Cells or sections were incubated with 5% (w/v) BSA for 60 min followed by incubation with the primary antibody overnight at 4°C. Subsequently, cells were incubated with fluorescence dye conjugated secondary antibody at room temperature for 60 min and mounted using ProLong ® mountant containing DAPI (ThermoFisher Scientific, Langenselbold, Germany). Nuclei were counterstained with Cy5 conjugated TO-PRO-3 (Molecular Probes, ThermoFisher Scientific) nuclear dye. Images were acquired with a TCS SP2 confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany).
Ultrastructural analysis
For transmission electron microscopy cells were washed with PBS and fixed in a mixture of 2.5% (v/v) glutaraldehyde, 2.5% paraformaldehyde and 0.05% (w/v) picric acid in 67 mM cacodylate buffer (pH 7.4) according to Ito and Karnovsky (1968) . Postfixation was performed in 1% (w/v) osmium tetroxide and samples were incubated overnight in 0.3% (w/v) uranyl acetate dissolved in 50 mM maleate buffer (pH 5.0). Samples were embedded in Epon according to standard procedures. Thin sections were contrasted with uranyl acetate and lead citrate and examined with a Zeiss EM 109S electron microscope.
Caspase three activity assay SC and mouse leukemic monocyte macrophage cell line (RAW 264.7 cells) were treated with STP, borrelidin, cisplatin and etoposide, and subsequently lysed in cell lysis buffer. Protein concentrations were determined with the Bradford Protein Assay (BioRad, Munich, Germany). Caspase-3 enzymatic activity was measured with 100 μg protein using Caspase-3/ CPP32 colorimetric assay kit (BioVision, CA, USA) according to the manufacturer's instruction. Absorbance was measured at 400 nm using a TriStar LB 941 microplate reader (Berthold).
Measurement of mitochondrial membrane potential
SC were treated with 1 μM STP for one or 3 h. Tetramethylrhodamine ethyl ester perchlorate (TMRE = 200 nm) (Molecular Probes, ThermoFisher Scientific, Langenselbold, Germany) was added to the cells 20 min before termination of the experiment. Cells were washed, trypsinized and the mitochondrial membrane potential (MMP) was measured using the MACSQuant Analyzer 10 (Miltenyi Biotec).
RNA isolation and real-time quantitative PCR
Total RNA was isolated using peqGOLD total RNA kit (VWR Life Science Competence Center, Erlangen, Germany) followed by DNA digestion using recombinant RNase free DNase I (Sigma Aldrich, Darmstadt, Germany). Total RNA (1 μg per sample) was reverse transcribed to cDNA using moloney murine leukemia virus reverse transcriptase and oligo dT primers (Promega, Manheim, Germany). Quantitative real-time PCR (qRT-PCR) was performed using iTaq Universal SYBR Green supermix in a CFX96 touch cycler (Bio-Rad, Munich, Germany). Relative changes in the mRNA expression levels of target genes were quantified using hypoxanthine phosphoribosyl-transferase 1 (Hprt) and 18S ribosomal RNA (18S rRNA) as reference genes using Bio-Rad iQ5 2.1 software. The sequences of the primers used are listed in Supplementary Table 1 .
Flow cytometry analysis
SC and PTC were fixed using fixation/permeabilization solution (eBioscience, Frankfurt am Main, Germany) for 30 min at 4°C. Subsequently, cells were blocked with 5% (w/v) BSA and 3% (v/v) normal rabbit serum for 15 min. Antibodies were added to the blocking solution. Finally, cells were washed and analyzed by flow cytometry using the MACSQuant Analyzer 10 (Miltenyi Biotec, Bergisch Gladbach, Germany). Data were evaluated using Flow Jo software version X (Tree Star, Ashland, OR, USA).
TUNEL assay
Human testicular biopsy samples were analyzed for apoptosis by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay using the ApopTAG ® Peroxidase In Situ Apoptosis Detection Kit S7100 (EMD Millipore, Temecula, USA) following the manufacturers instructions.
Statistical analysis
Statistical analyses were performed using GraphPad Prism six software (Graphpad Software, San Diego, CA, USA). One way ANOVA was used to compare multiple groups in each experiment. P values below 0.05 were considered as significant. Data are shown as mean ± SEM of at least three different experiments.
Results
SC survive severe pathological alterations that deplete germ cells in human and rat testis
Histopathological analysis using hematoxylin and eosin (H&E) staining shows that in human testicular biopsies with deterioration of spermatogenesis, as exemplified in severe hypospermatogenesis associated with focal inflammatory lesions, SC can survive in affected seminiferous tubules, and represent the only remaining intratubular cell type (SConly syndrome) (Fig. 1A-C ). Similar observations were made using a rat model of EAO ( Supplementary Fig. 1A and B). Immunolabelling with the SC marker vimentin clearly highlights that SC are the only cells left in these examples of impaired seminiferous epithelium of pathologically altered human and rat testes (Fig. 1D-F and Supplementary Fig. 1C and D) . Moreover, TUNEL staining showed increased number of apoptotic germ cells in the seminiferous tubules of impaired human testis ( Fig. 1G and H). Next, we examined the activation of autophagy by analyzing immunolocalization of LC3. Autophagy levels decreased in SC in testis sections showing impaired spermatogenesis as compared to control as evidenced by LC3 and vimentin double staining ( Fig. 1I and J and Supplementary Fig. 1E and F) The decrease in LC3 levels was confirmed by immunoblot analysis in EAO testis ( Supplementary Fig. 1G ).
Rat primary rat SC are resistant to apoptosis
Our above results show that SC are robust cells that tend to survive stress conditions in the testis. To identify the mechanisms of prolonged SC survival, we used isolated rat primary SC to investigate whether apoptosis is activated upon challenge with apoptotic stimuli. The viability of SC was significantly reduced following treatment with high concentrations of STP (8 μM) (Fig. 2A) . Additionally, cleaved caspase three was not detected by immunoblot analysis in SC treated with all investigated doses of STP (1-8 μM) (Fig. 2C, Supplementary Fig. 2A ).
To confirm whether the treatments with apoptosis inducing chemicals were effective, and their resistance to apoptosis is a SC specific phenomenon, we used two well characterized cells lines as positive controls. It is established that RAW 267.4 cells are prone to undergo apoptosis following treatment with apoptosis inducing reagents (Ruhland et al., 2007; Asim et al., 2010) . Moreover, 93RS2 is a suitable control cell line owing to its origin from prepubertal rat SC, although some characteristics of primary SC, such as expression of androgen receptor, have been lost (Konrad et al., 2005) . Notably, STP-induced apoptosis at a much lower dose (1 μM) in 93RS2 immortalized SC ( Fig. 2C and D) (positive control). To investigate whether SC are only resistant to STP-induced apoptosis or whether apoptosis resistance is a general phenomenon, SC were treated with other apoptosis inducing reagents, namely borrelidin, cisplatin and etoposide. Cell viability was significantly reduced after treatment with borrelidin and cisplatin (Fig. 2B ). Immunoblot analysis revealed that these reagents also did not activate caspase 3 (Fig. 2D) . Likewise, caspase three enzymatic activity was unchanged by treatment with all four reagents, confirming that SC are resistant to apoptosis (Fig. 2E ).
Anti-apoptotic members of the BCL2 family are overexpressed in rat primary SC Activation of the intrinsic apoptosis pathway requires permeabilization of the outer mitochondrial membrane followed by cytochrome c release resulting in activation of caspases. However, our data show that treatment of SC with STP did not change the MMP at both time points investigated (Fig. 3A) . Consequently, we also observed that cytochrome c was not released after stimulation with STP. The staining of cytochrome c was clearly localized in the mitochondrial membrane of untreated and STP-treated SC. (Fig. 3B) . In contrast, cytochrome c was released in STP-treated PTC that resulted in diffuse staining of cytochrome c. Because permeabilization of the outer mitochondrial membrane and release of cytochrome c was not observed in STPtreated SC, we determined the levels of BCL2 family members after treatment with STP in SC and PTC. As expected, the protein levels BCL2, BAX and BAK remained unchanged following treatment with STP in SC, whereas treatment of PTC with STP reduced BCL2 with a concomitant increase in of BAX and BAK (Fig. 3C) . These results indicate that the intrinsic apoptosis signaling pathway is blocked at a step prior to mitochondrial permeabilization in rat primary SC. In Fig. 2 we have shown that apoptosis is inhibited in SC, while PTC do undergo apoptosis after treatment with STP ( Supplementary Fig. 2B ).
Other studies have shown that overexpression of anti-apoptotic BCL2 family members in long-lived cells can block the intrinsic apoptosis pathway (Hockenbery et al., 1991; Cory and Adams, 2002) . Therefore, the protein levels of pro-apoptotic and anti-apoptotic BCL2 family members were determined by immunoblot analyses (Fig. 3D) . SC expressed contained high levels of anti-apoptotic proteins (BCL2, BCLxl and BCLw), while their levels were low or undetectable in PTC. Strikingly, BCL2 was the most abundant protein amongst all investigated anti-apoptotic proteins in SC. In contrast, levels of pro-apoptotic proteins (BIM, BAK, BAX) in SC were comparable to PTC. Likewise, qRT-PCR data showed higher mRNA expression levels of anti-apoptotic genes (Bcl2 and Bclx l ) in rat SC as compared to PTC, while levels of pro-apoptotic gene mRNAs (Bim, Bax, Bid, Bad) were comparable in both cell types (Fig. 3E ).
Nutrient starvation does not induce autophagy in rat primary SC
Having confirmed that apoptosis is not induced in SC, we next investigated the activation of autophagy. Complete autophagy flux includes the initiation signal, autophagosome formation and fusion with the lysosome with subsequent degradation of the autophagic cargo (Klionsky et al., 2012) . Therefore, all three steps were assessed in order to elucidate whether the autophagy flux is intact in SC. Primary rat SC were cultured in RPMI medium supplemented with 1% FBS. Four days after isolation SC were deprived of nutrients by replacing the culture medium with HBSS for 0.5, 1, 2 or 3 h. Starvation did not induce autophagy in SC as LC3 II levels did not change in treated cells (Fig. 4A ). In addition, levels of SQSTM protein were not decreased in starved SC as compared to control. Furthermore, SC were challenged with 1 μM rapamycin to induce autophagy by inhibition of mTOR signaling. No substantial change was observed in LC3 II and SQSTM1 levels (Fig. 4B) . Treatment of SC with 10 μM H89 for 24 h induced LC3 lipidation (LC3 II) ( Supplementary Fig. 3A ). However, SQSTM1 levels remained unchanged indicating that the autophagy flux is not completed (Supplementary Fig. 3A ). Ultrastructural analysis of SC after starvation revealed that multilamellar vacuoles are formed, but the overall number of autophagosomes did not appear to be increased (Fig. 4C) . After HBSS treatment, LC3 punctae showed an irregular clustering, but typical LC3 positive autophagosome punctae were not detected (Fig. 4C) . Starvation of 93RS2 SC, used as control, for 0, 0.5 or 1 h induced an increase in autophagy flux that was confirmed by ULK1 dephosphorylation, LC3 lipidation and SQSTM1 degradation ( Supplementary Fig. 4A ). Additionally, LC3 punctae were formed in 93RS2 SC (Supplementary Fig. 4B ). Primary rat SC viability was compromised after 4 h of starvation, while treatment with H89 or rapamycin for 24 h had no effect on cell viability (Fig. 4D) . Extracellular HMGB1 levels were increased after 2 and 3 h of starvation indicating that SC undergo necrotic cell death when stress conditions persist for a longer period (Fig. 4E) .
Autophagy initiation and lysosomeautophagosome fusion are functional in rat primary SC Starvation induced autophagy is initiated in isolated rat primary SC as evidenced by dephosphorylation of pULK1 (Fig. 5A) . Similarly, levels of phosphorylated ULK1 were decreased following treatment with rapamycin or H89 (Fig. 5B and Supplementary Fig. 3B , respectively).
To investigate if there is a blockade in the lysosomal degradation function, we used the lysosome-specific protease inhibitors leupeptin and ammonium chloride ( Fig. 5C and D) . Accumulation of LC3 II after blocking lysosomal protein degradation confirmed that degradation of autophagic cargo is otherwise intact in SC (Fig. 5C and D and Supplementary Fig. 3C ). Furthermore, the mRNA levels of crucial autophagy genes (ATGs) were analyzed in primary rat SC ( Supplementary Fig. 5 ). Our results show that expression of Lc3 mRNA is higher in rat SC compared to PTC. However, Beclin1 and autophagy related 7 (Atg7) expression levels were comparable in both cell types. 
Discussion
Programmed cell death is a crucial mechanism to maintain tissue homeostasis in multicellular organisms (Nalluri et al., 2015) . In terminally differentiated cells, such as neurons and cardiomyocytes, special control of cell death is essential to promote cell survival as these cells cannot be replaced (Zhang et al., 1996; Czabotar et al., 2014) . In rat testis, proliferation of SC drops after birth and ceases completely at postnatal Day 21, when they become terminally differentiated (Orth, 1982) . Survival of SC is indispensable for establishment and maintenance of spermatogenesis and fertility (Tarulli et al., 2012) . Therefore, SC acquire tolerogenic functions upon maturation to avoid cell death after encountering obnoxious stimuli (Meehan et al., 2001; Westphal et al., 2014; Aslani et al., 2015) . In infertile men, a SC-only phenotype is commonly diagnosed in various cases of spermatogenic dysfunctions, with or without inflammatory origin, and well illustrates that SC have developed resistance to cell death in conditions where germ cells undergo apoptosis. However, the molecular mechanisms of prosurvival signaling remained elusive in SC.
In this study, we could not detect rat primary SC undergoing apoptosis, even after stimulation with a number of apoptosis inducing stimuli. As apoptosis is largely controlled by the BCL2 protein family members (Czabotar et al., 2014) , tipping the balance towards pro-apoptotic proteins is detrimental and leads to cell demise (Souers et al., 2013; Leverson et al., 2015) . On the other hand, high expression of antiapoptotic BCL2 family members (BCL2, BCLxl and BCLw) can block apoptotic cell death pathways, which are activated by hypoxia, oxidative Monitoring cell viability in SC using the MTT assay. Unstimulated SC and cells treated with H 2 O 2 for 30 min were considered as 100 and 0% viable, respectively. E: SC were cultured in HBSS medium for 1, 2 and 3 h or left untreated as control. The supernatant was collected and concentrated 10 times using centrifugal filters. ELISA was performed using the concentrated SC conditioned media to detect levels of released HMGB1 (n = 4-6) Data are mean ± SEM of four to six different experiments, and one way ANOVA analysis was employed for statistical analysis. (*P < 0.05, ***P < 0.001, ****P < 0.0001). stress or withdrawal of growth factors (Kane et al., 1993; Zhang et al., 1996; Li et al., 2005) . Anti-apoptotic BCL2 family members inhibit apoptosis by direct interaction with BAX, BAK and BIM. This prevents BAX/ BAK oligomerization, translocation to the outer mitochondrial membrane and eventually loss of mitochondrial membrane potential. Elevated expression of the prosurvival members, BCL2 and BCLX L , was observed at mRNA as well as at protein level in untreated SC compared to PTC. Moreover, treatment of SC with STP did not alter the expression levels of BCL2, BAX and BAK. Consequently, loss of mitochondrial membrane potential as well as release of molecules such as cytochrome c, which trigger apoptosome formation, was prevented. This, in turn, blocks caspase three activation and apoptosis. Moreover, round shaped mitochondria were observed after STP treatment that may be a result of mitochondrial damage and fission. In this regard, it would be worthwhile further investigating the role of mitochondria in SC survival.
As apoptosis is strictly inhibited in SC, we further analyzed the changes in autophagy levels in SC. Our findings demonstrate that, similar to neurons (Hara et al., 2006 ), SC possess a basal level of autophagy and can degrade autophagic cargo as shown by accumulation of autophagosomes after inhibition of lysosomal proteolytic activity. SC specific disruption of autophagy leads to impaired SC function and reduced fertility (Liu et al., 2016) . Although autophagy plays an important role in the survival of differentiated postmitotic cells, its hyperactivation can also lead to cell death (Shintani and Klionsky, 2004; Kole et al., 2013) . Classically, glucose and amino acid starvation activate autophagy in order to help cells to survive nutrient deficient conditions. However, we observed that, in contrast to 93RS2 cells, starvation of rat primary SC using HBSS did not alter autophagy levels. There are a few studies showing the activation of autophagy and apoptosis in SC following treatment with toxic chemicals or hypoxia Duan et al., 2016) . However, it is important to note that in all these cases isolated rat SC were cultured in medium containing 10-20% FBS. We could show that addition of FBS to the culture medium leads to a substantial contamination of SC with PTC that is likely to confound experiments with primary SC. Indeed, adding 10% FBS to the culture medium induced rapid PTC growth within 2 days, from~2% of contamination to 25% ( Supplementary Fig. 6A-D) . Under serum-free conditions LC3 II levels did not change and cleaved caspase three was not detectable after STP treatment. Importantly, addition of 10 or 20% serum to the same treatment resulted in LC3 II elevation and caspase three cleavage (Supplementary Fig. 6E ). Therefore, we emphasize that a culture medium containing minimal (1%) or no FBS is essential to maintain a sufficiently pure SC population, so that obtained results can be clearly attributed to SC and not to a contaminating fraction of PTC .
Similar to HBSS, treatment with rapamycin and H89 did not elevate autophagy flux in SC. Taken together these results suggest that, although SC perform autophagy at the resting stage, they do not enhance autophagy levels when challenged. Considering that excessive starvation can lead to autophagy induced cell death (Xu et al., 2013) , we hypothesize that starved SC preferentially restrict autophagy levels, as the detrimental effects of autophagy activation may be counterproductive and may lead to cell death. SC survival was eventually compromised after 4 h of starvation, when necrotic cell death was detectable as evidenced by HMGB1 release in challenged primary SC. It is important to note that passive HMGB1 release is a marker of necrosis. In addition, HMGB1 can be actively secreted following autophagy activation (Thorburn et al., 2009 ). However, autophagic-induced HMGB1 release is concomitant with elevation of lipidated LC3, which was not observed in our study. Similarly, HMGB1 was released from SC upon inflammation in the testis as observed in our animal model of EAO (Lu et al., 2013; Aslani et al., 2015) . Based on these results we hypothesize that high expression of anti-apoptotic members of the BCL2 family inhibits apoptosis in SC by interacting with pro-apoptotic proteins such as BAX, BAK and BIM. Furthermore, it is known that BCL2 can also inhibit autophagy by interacting with autophagy protein 6 (Beclin1) in a step after ULK1 activation and before LC3 lipidation (Pattingre et al., 2005; Zhu et al., 2011) . Therefore, high BCL2 levels may hinder autophagy flux at the autophagosome formation step.
In summary, our data indicate that inhibition of apoptosis and autophagy is a possible mechanism to explain the robustness of SC in response to stress. In case the challenge persists, cell viability will be eventually compromised through execution of necrosis. As SC are non-dividing cells that are required for maintaining or resuming spermatogenesis, their own survival is crucial following a noxious insult such as inflammation of the testis.
Supplementary data
Supplementary data are available at Molecular human reproduction online. SC were treated with rapamycin for 24 h. PI was added during the last 6 h of culture. Beta actin was used as loading control. Relative band intensities were quantified using Image J software.
